This work clarifies the effect of surface modifications on the corrosion rate of Alloy 690, a nickel-based alloy for steam generator tubes, under the simulated test conditions of the primary water chemistry in nuclear power plants. The surface stress was modified by the shot peening and electropolishing methods. The shot peening treatment was applied using ceramic beads with different intensities by varying the air pressure and projection angle. The corrosion rate was evaluated by gravimetric analysis and the surface was analyzed by scanning electron microscopy (SEM). The corrosion rate of Alloy 690 was evaluated from the influence of the stress state on the metal surface. Based on the observation of the surface after the corrosion test, the oxide composition and its structure were affected by the surface modifications. The corrosion behavior of Alloy 690 was distinguished by the shot peening intensity on the surface, and additional electropolishing was effective at reducing the dissolution of nickel ions from the metal surface.
Introduction
The dissolution control of nickel from steam generator (SG) tubes is important to reduce the radioactive dose rate and deterioration of fuel performance in the operation of pressurized water reactors (PWRs). The major sources of the radiation field in the primary coolant circuit including the reactor are known to be neutron reactions with nickel and cobalt ions in water. Corrosion products released from metal surface in the coolant circuit can be deposited on the reactor core forming the crud on the fuel surface during operation of power plant. The corrosion products prevent heat transfer from the fuel to the coolant and induce the growth of crud on the fuel cladding. The composition of the fuel crud consists mainly of nickel ferrite, which indicates that its primary source is the nickel contained in the SG tube materials [1, 2] . Higher crud buildup might cause an increase in the axial offset anomalies through the corrosion products deposited on the surface of the fuel cladding [3] [4] [5] . To avoid problems originating from crud buildup, the primary water chemistry has been improved by various means, such as loading of hydrogen overpressure, reduction of the electrochemical potential, coordinated adjustment of the boron and lithium concentration, and zinc addition [3] [4] [5] [6] [7] [8] . Zinc addition in operating PWR plants shows reducing radiation dose rates [3] . It is recommended on primary chemistry control to reduce the corrosion products for PWR type plants with plant-specific optimization. These alleviation methods need an exact evaluation of chemical conditions in primary coolant and effects on component integrity [4] .
The corrosion properties are affected by the material's surface states including roughness, residual stress, and work hardening under the conditions of the reactor water chemistry [9] . The Alloy 600 SG tube material has been replaced with Alloy 690, which is resistant to stress corrosion cracking. However, the metal cations released from the surface might be accumulated in the primary circuit over long operation times, and other unknown manufacturing processes may affect the integrity of the Alloy 690 surface [2] . Clauzel et al. observed the corrosion behavior of Alloy 690 manufactured from various suppliers and classified the tubes according to their metallurgical properties, release, and corrosion 2 Advances in Materials Science and Engineering properties in relation to microstructure, surface impurities, microhardness, roughness, and carbon content [10] . Guinard et al. [11] and Huang et al. [12] have studied the impact of different surface-state conditions, as well as the cold working, and electropolishing of Alloy 690 on its corrosion-release rate.
There are many studies on the metal-surface improvement using electropolishing and shot peening. The corrosion rate of electropolished stainless steel was lowered by more than a factor of three relative to that of machined surfaces in mild alkaline, hydrogenated water at 260 ∘ C, and this reduction was explained by the decrease in surface microstrain [13] . It is known that the higher equilibrium concentration of Cr in Alloy 690 results in good resistance against failure induced by intergranular attack (IGA) and stress corrosion cracking (SCC) in high-temperature water environments [14] . Zhang et al. reported that the SCC of Alloy 690 was reduced by shot peening and electropolishing treatments [9] . Some studies also showed that compressive residual stresses inhibit the initiation of SCC [15, 16] . However, the effects of the surface states on the corrosion and metal-ion dissolution properties of Alloy 690 have not been clearly evaluated, and the combined application of shot peening and electropolishing treatments on SG tubes needs to be experimentally studied.
The aim of this work is to study the reduction in the dissolution of metal ions from the Alloy 690 surface through surface modification in the simulated water chemistry of the primary system of PWRs. In this work, the applicability of shot peening and electropolishing on SG tube material was investigated, and the effect of these surface treatments on the corrosion-release behavior was evaluated.
Experimental

Material Preparation.
The corrosion experiments were performed on Alloy 690 which was manufactured by POSCO Specialty Steel with the chemical composition listed in Table 1 . The specimens were heat processed in two steps, namely, mill annealing (MA) and thermal treatment (TT), after being cold-rolled to the thickness of about 1.5 mm. The samples were mill annealed at 1100 ∘ C for 5 min, followed by water quenching, and then thermally treated at 715 ∘ C for 10 h in a vacuum furnace under the pressure of about 5 × 10 −6 Torr. The specimens were manufactured in plate shape with size of 45 mm in length and 15 mm in width. All the specimens have a hole of 3 mm in diameter in order to hang on a tree in the autoclave for high-temperature corrosion test.
Surface Treatment.
Shot peening was performed on the flat specimens using ceramic beads (0.125 ∼ 0.250 mm in size). The shot peening process was conducted using a pressure-type blast machine (MPTB-01 model) manufactured by Korea Shot Blast Co., and the maximum air pressure for the shot peening instrument was 5 bars. The intensity and coverage during the shot peening process were measured using N-type Almen strips. Almen strips are flat metal strips that were exposed to shot peening under the same conditions as the specimens. Residual surface compressive stresses will make the strip bow upward in the middle when released. The height of this convexly bowed arc is an index of the intensity of the shot peening and was measured using a TSP-3 Almen gauge (Electronics Inc., USA). The surface microstrain was determined from high-resolution X-ray diffraction (HR-XRD) measurements. For the residual stress evaluation of Alloy 690, Young's modulus of 211 GPa and Poisson's ratio of 0.289 were used. Table 2 lists the surface-processing procedures applied for shot peening and electropolishing of the specimens. The first test was performed to investigate the effect of only varying the air pressure used for shot peening on the corrosion behavior (specimens B-D).
Further shot peening processes were conducted at different angles and distances from the nozzle of the shot peening machine, namely, at 30 ∘ and 75 mm (SP30), 45 ∘ and 100 mm (SP45), and 90 ∘ and 150 mm (SP90). In this test series, the shot peening air pressure was maintained at 1 bar for all specimens. After the shot peening treatment, the SP45 and SP90 specimens were further electropolished to improve the roughness of the shot-peened surfaces, marked as EP45 and EP90 specimens.
The electropolishing process was applied using the instrument type ElectoMet 4 (Buehler Co., IL). The electrolyte for electropolishing was a mixture of 70% phosphoric acid (H 3 PO 4 ), 15% sulfuric acid (H 2 SO 4 ), and 15% methanol (CH 3 OH). Electropolishing was conducted at 10 V and 1.6 to 1.7 A, thereby maintaining the electrolyte temperature of 40 ∘ C and 50 cc/min circulation speed for about 1.5 min. The surface morphology and roughness were investigated by scanning electron microscopy (SEM, JEOL JSM-5400 model) and the surface microhardness was measured using a Vickers hardness tester equipped with a pyramidal diamond indenter. The loading condition was 25 g for 10 s.
Corrosion Test and Oxide Analysis.
A recirculation loop with Hastelloy autoclave system was used during the long corrosion tests. The test environment simulated the primary water chemistry in a PWR. Dissolved oxygen (DO), dissolved hydrogen (DH), pH, and conductivity were monitored at room temperature using sensors manufactured by Orbisphere and Mettler Toledo. The temperature and pressure were maintained at 330 ∘ C and 150 bars, respectively, during the corrosion tests. The composition of the test solution was lithium (LiOH, 2 ppm), boron (H 3 BO 4 , 1,200 ppm), DH (35 cc/kg), and less than 5 ppb of DO. The flow rate of the loop system was 3.8 L/h, and the corrosion tests were conducted for 500 h.
The corrosion rate was evaluated by gravimetric analysis using an alkaline permanganate ammonium citrate (AP/AC) descaling process: 1% KMnO 4 and 5% NaOH were exposed to the inner tube surface at 90 ∘ C for 3 min [17] [18] [19] . This The morphology and chemical composition of the surface oxide layers were analyzed using SEM and X-ray photoelectron spectroscopy (XPS). The XPS analysis was carried out using a spectrometer model Thermo Fisher Scientific (Theta Probe AR-XPS) XPS, equipped with Al K X-ray source (1486.6 eV) and operated at 15 kV and 150 W. The depth profiling was conducted in intervals of 60 s through Ar sputtering at the energy of 2 keV and at the spot size of 400 m.
Results and Discussion
Surface Stress State.
The shot peening intensity was measured in dependence on the applied air pressure, as shown in Figure 1 . The shot-peened surface shows saturation of its intensity value as the exposure time is held constant. The saturation time for a given test piece may be defined as the time necessary to attain a deflection such that, by doubling the treatment time, the deflection does not increase by more than 10%. The arc deflection at saturation defines the peening intensity. The shot peening intensity was measured to be 10.1 N at an air pressure of 2 bars and a shot peening time of 30 s. When the air pressure was reduced to 1 bar and 0.5 bars, the intensities decreased to 7.36 N and 5.51 N, respectively, for a shot peening time of 60 s. After these shot peening times, the intensity values showed no further increase.
The XRD patterns of the oxide layers are obtained to determine the crystal faces as a measure of the residual stress. The XRD patterns of the specimens shown in Figure 2 indicate that the shot peening treatment did not change the crystal structure of Alloy 690. The residual stress induced by shot peening on the surface was measured by an HR-XRD instrument, and the results are shown in Figure 3 . The residual stress was measured employing the Ni crystal faces of (111) and (311) at the surface of the specimens. The two stress levels are different but show a similar pattern in dependence on the air pressure applied during the shot peening. The results indicate that specimen D shot-peened at an air pressure of 2 bars shows lower residual stress than specimen B surface treated at an air pressure of 0.5 bars, contrary to expectations, and it is considered with the change of surface morphology as explained with the next figures (Figures 4 and 5) . In Figure 3 with the shot peening intensity, and specimen D accordingly shows the hardest state. The surface morphology of the specimens was observed by SEM and is shown in Figure 4 . Scratches are observed at the surface of specimen A, but the shot peening treatment removes them, as shown in Figures 4(b)-4(d) . The shot peening causes circular indentations and imprints of the shot peening beads at the surface are more clearly formed at increasing shot peening intensity. The surface layer of the alloy was slightly smeared and/or redistributed by the shot peening. No particle embedment is observed and the occurrence of bead contamination is not considered. The depth profile ( Figure 5 ) shows the breakaway of some small parts at the outer surface at high shot peening intensity. The decrease of the residual stress at higher shot peening intensities of specimen D, as shown in Figure 3 , can be explained as the stress relief induced from microcracking by excessive shot peening intensity over metal fracture stress.
High intensity of the shot peening (higher than about 7 N) might cause problems such as crack initiation. To improve the surface integrity, the intensities were lowered by changing the incident angle and the distance from the peening nozzle. The shot peening intensity is determined to be about 4.5-6 N based on the Almen-strip measurements, as shown in Figure 6 . The intensity difference between samples SP30 and SP45 was affected more by the incidence angle than by the distance. On the other hand, the intensity value of the SP90 sample shows higher variation in dependence on the distance than on the angle. Figure 7 shows the values of the residual stress and microhardness. The changes induced by electropolishing after the shot peening were not large compared with the values already obtained by applying only shot peening.
The surface morphologies of all specimens are shown in Figure 8 are formed to a lesser degree than in case of high shot peening intensity. The samples being subject to the electropolishing treatment show blunt dimples induced by the shot peening but an overall smoother surface achieved by electropolishing in comparison to the samples processed only by shot peening (Figures 8(e)-8(f) ). It is known that deformation twinning and the number of dislocations increase upon increasing the peening intensity, which was inferred from TEM observations of the surface of nickel-based alloys [20] .
Corrosion Behavior Modified by Surface Treatments.
Immersion tests were performed using specimens processed by shot peening at different intensities with or without electropolishing treatment in primary water chemistry environment, and the corrosion rates were measured, as shown in Figure 9 . The corrosion rate at different air pressures of the shot peening was measured to be 1.45 mg/m 2 h for asreceived specimen A (Figure 9(a) ). The corrosion rates of the specimens treated at different shot peening intensities are shown to have the values of 1.34, 1.18, and 0.88 mg/m 2 h for specimens B, C, and D, respectively. Specimen D treated at high shot peening intensity shows a decrease of about 40% in the corrosion rate in comparison to as-received specimen A. Figure 9 (b) shows the corrosion test results for the samples processed at different shot peening angles and distances, with or without electropolishing. The results indicate that weak shot peening was not effective for the reduction of the dissolution rate of metal ions (SP30, SP45, and SP90 specimens), whereas electropolishing after the shot peening (EP45, EP90 specimens) decreased the corrosion rate to less than 1/4 of that of reference specimen A.
The observations of the oxidic surface are shown in Figure 10 . The oxide layer formed on reference specimen A shows a polyhedral crystal structure (Figure 10(a) ), but the oxide layer on the shot-peened surface shows an almost needlelike morphology with small additional platelike particles (Figure 10(b) ). In the case of electropolished surfaces, the needlelike oxides were concentrated in the dimples induced by shot peening whereas the outer surface showed little coverage of deposited oxides (Figure 10(c) ). Investigation of Seo et al. about the corrosion behavior of Alloy 690 at hightemperature condition shows that the change of the oxide morphology from polyhedral to wirelike shape was induced by a roughness change of the surface [21] .
The increase in roughness by shot peening might be assumed to have a negative effect on the corrosion behavior; however, the results of the corrosion tests in primary environment indicate that the corrosion rate was reduced on increasing shot peening intensity. The depth of the oxide film might grow by the chemical reaction and deposition of metal ions in solution or by a metallic transfer from the metaloxide interface. Because the corrosion environment was not changed, the different test results show that the corrosion rate relies on the metal-ion dissolution rate at the metaloxide interface, and the metal-ion transfer depends on the residual stress in the metallic surface layer. The compressive residual stress formed in the sublayer beneath the outer metal surface of the specimen is considered to constrain the metalion release into the oxide film or solution [9] . The corrosion rate is proportional to the concentration gradient of the metallic species near the metal-oxide interface and to the mass-transfer property in the liquid phase that is governed by the solubility. The corrosion-release rate can be controlled by the surface modification using electropolishing, as shown in Figure 9 (b). The electropolishing treatment modifies the surface roughness and structure of the oxide layer. It is assumed that electropolishing reduces the density of dislocations which provide short-circuit paths for the diffusion of metal ions in the matrix [22] and promote the formation of a passive film in the primary coolant environment at high temperature. Figure 11 shows the XPS depth profiles for the individual elements Ni, O, Cr, and Fe in the oxide layer of Alloy 690. The content of nickel in the oxide layer of the specimens treated only by shot peening was more strongly reduced than in case of the electropolished specimens. The depletion of nickel in the oxide film is balanced by oxygen because the amount of chromium and iron did not change considerably, as shown in Figures 11(c) and 11(d) . The oxygen distribution in the oxide layer (Figure 11(b) ) shows that the electropolishing treatment reduced the thickness of the oxide film and maintained a higher nickel content in comparison to the specimens treated only by shot peening. This result indicates that the additional electropolishing after shot peening could effectively mitigate the dissolution of nickel ions from SG tube materials.
Conclusions
The control of the nickel ion release rate is very important for reducing the radioactive dose rate and the deterioration of fuel performance in nuclear power plants. In this study, the surface residual stress of Alloy 690 was measured and its effect on the corrosion behavior was investigated. The modification of the SG tube surface induced by shot peening and electropolishing could affect the corrosion rate under primary Advances in Materials Science and Engineering 9 water conditions. Compressive residual stress is induced by the shot peening treatment, and its value depends on the shot peening intensity at the surface of Alloy 690. Higher shot peening intensity causes reduction in the corrosion rate. It is considered that the compressive residual stress beneath the surface layer suppresses the metal-ion transfer in the alloy matrix. At low shot peening intensity, the corrosion rate is not remarkably changed but the oxide morphology of the corrosion products was changed from polyhedral shape to a needlelike type. When the surface was further modified by electropolishing after shot peening, the corrosion rate was reduced to almost a quarter of that obtained by shot peening only. The dissolution of nickel ions from SG tube materials was mitigated by the additional electropolishing treatment after the shot peening process.
